Abstract-The incidence of soft tissue deformation has been well documented in neurosurgical procedures and is known to compromise the spatial accuracy of image-guided surgery systems. Within the context of image-guided liver surgery (IGLS), no detailed method to study and analyze the observed organ shape change between preoperative imaging and the intraoperative presentation has been developed. Contrary to the studies of deformation in neurosurgical procedures, the majority of deformation in IGLS is imposed prior to resection and due to laparotomy and mobilization. As such, methods of analyzing the organ shape change must be developed to use the intraoperative data [e.g., laser range scan (LRS) surfaces] acquired with the organ in its fully deformed shape. To achieve this end we use a signed closest point distance deformation metric computed after rigid alignment of the intraoperative LRS data with organ surfaces generated from the preoperative tomograms. The rigid alignment between the intraoperative LRS surfaces and preoperative image data was computed with a feature weighted surface registration algorithm. In order to compare the deformation metrics across patients, an interpatient nonrigid registration of the preoperative CT images was performed. Given the interpatient liver registrations, an analysis was performed to determine the potential similarities in the distribution of measured deformation between patients for which similar procedures had been performed. The results of the deformation measurement and analysis indicate the potential for soft tissue deformation to compromise surgical guidance information and suggests a similarity in imposed deformation among similar procedure types.
I. INTRODUCTION
T HE goal of image-guided surgery (IGS) is to use preoperatively acquired tomographic images interactively within the surgical setting. Commercial IGS systems have been used in neurosurgical procedures for over a decade and are currently emerging for use in open abdominal procedures. More specifically, IGS techniques have been proposed for use in open hepatic resection procedures where minimizing the resection of healthy tissue is of vital importance for ensuring sufficient remnant liver volume [1] - [3] . Additionally, IGS technology presents value in obtaining sufficient resection margin and avoiding important vascular structures in hepatic procedures where nonanatomical wedge resections are performed.
A critical component of IGS devices is the performance of a mathematical mapping, or registration, of the intraoperative presentation to the preoperative image data. A significant body of work has been dedicated to exploring methods to provide this registration within the context of open hepatic procedures [2] - [5] , allowing for the realization of an image-guided liver surgery (IGLS) [1] . However, the de facto methods of obtaining the image-to-physical space registration for IGLS have required the use of rigid body assumptions. These assumptions are known to be invalid due to the incidence of soft tissue deformation. For example, brain deformations (commonly referred to as "brain shift") have been well documented within the literature and have been shown to compromise the guidance information provided by commercially available neurosurgical IGS systems [6] - [9] . The registration error resulting from soft tissue deformation in image-guidance technologies limits their utility during the procedure by rendering inaccurate surgical position overlays on the preoperative image data.
Unfortunately, the measurement techniques applicable within the neurosurgical context such as the tracking of cortical features do not translate to IGLS readily since a large component of the observed liver deformation does not have a time varying component. Within this study we will rely on the use of intraoperatively obtained laser range scan (LRS) data of the liver surface acquired after the performance of laparotomy and liver mobilization. While it is clear the deformation measurements with respect to subsurface structures would be highly relevant, this initial work focuses on surface deformation measurements. This is due to fact that the ability to accurately localize subsurface targets intraoperatively via tracked ultrasound or intraoperative CT were not available. 
A. Related Work
While a number of techniques have been proposed for the compensation of intraoperative deformation, a proper study of this behavior has not been performed within the context of IGLS. As mentioned previously, a number of studies have been performed to measure and analyze the brain shift encountered during neurosurgical procedures. Roberts et al. performed a quantitative analysis of cortical displacement in 28 cases by tracking specific features on the brain surface throughout the procedures [6] . Maurer et al. performed similar studies where point features on the brain surface were digitized with optical tracking system immediately upon durotomy and after performing functional mapping prior to resection [7] , [8] . Additional studies were performed by Maurer et al. utilizing an interventional MR scanner to collect images throughout the surgical procedure [9] .
The analysis of deformation for hepatic procedures has mainly been focused on the motion due to respiration. Cash et al. tracked the motion of a point on the liver surface due to respiration using an optically tracked pen probe during an open liver resection case [1] . A study by Shimizu et al. has been performed to analyze the motion of a liver tumor due to respiration via high-speed MR imaging to estimate potential errors associated with radiotherapy procedures [10] . Rohlfing et al. used gated, serial MR images to analyze respiratory motion via deformable registration methods [11] . More recently, a study performed by Heizmann et al. provided an assessment of intraoperative liver deformation using intraoperative computed tomography [12] . The results presented in this study focused more on intraoperative changes in segmental volumetrics rather than calculation of intraoperative displacements.
B. Objective
The objective of this study is to provide a measurement of the extent and nature of intraoperative soft tissue deformation encountered in open liver surgical procedures. Due to the nature of deformation in open hepatic procedures, intraoperative imaging can only be acquired after a majority of the deformation has occurred. In this study, we will provide a summary of surface deformation measurements over a range of surgical procedures. Additionally, the measured deformation was analyzed to determine the similarities between the measured deformations between similar resection procedures. The performance of this measurement and analysis provides insight into the nature of soft tissue deformation encountered in open hepatic procedures, which will likely facilitate the development of deformation compensation methods.
II. METHODS

A. Patient Overview
Institutional Review Board (IRB) approval was obtained for the intraoperative acquisition of liver surface data as well as the use of the ORION surgical navigation system [13] at BarnesJewish Hospital in St. Louis, MO. A summary of the patient information for 12 of the cases performed between November 2004 and August 2006 for which intraoperative data was acquired is shown in Table I . Access to the clinical data used in this study can be made available on request (M. Miga).
B. Preoperative Image Acquisition and Processing
For each of the patients included in this study, CT image volumes were acquired approximately one week prior to performance of the surgical procedure (SOMATOM Sensation 64, Siemens Medical Solutions, Munich, Germany). A triphasic imaging protocol was employed for acquisition of arterial phase, venous phase, and noncontrast liver parenchymal tomographic volumes. The venous phase image sets, which capture the hepatic venous and portal venous structures in high contrast, were used for the analysis methods proposed in this study.
In order to facilitate the analysis of the intraoperative shape change, the organ surfaces for each of the cases must be generated from the preoperative image volumes. A semiautomatic method developed by Dawant et al. [14] Pan and Dawant [15] , based on the level set method proposed by Sethian [16] , was used to segment the liver from the surrounding anatomical structures in the preoperative tomograms. Isosurfaces were generated from the liver segmentations via the Marching Cubes Algorithm [17] and smoothed via radial basis functions (FastRBF toolkit, FarField Technology, Christchurch, NZ).
C. Intraoperative Surface Acquisition and Processing
The intraoperative surface data used for this study were acquired using an off-the-shelf LRS. The RealScan 200 C (3-D Digital Corporation, Bethel, CT) is capable of acquiring spatially dense 3-D point cloud surface representations of 500 lines per scene with as many as 512 samples per line and a spatial resolution on the order of 0.5 mm at the typical range acquired in this study (45-60 cm). In addition to the geometrical data, a digital image is also acquired of the scanners field of view. Via a predetermined calibration, the color data from the digital image can be texture mapped on the 3-D point cloud. A detailed validation of the imaging capabilities of the LRS system used has been provided by Sinha et al. [18] and Cash et al. [4] . The liver parenchyma was segmented from the raw LRS data and the FastRBF toolkit was used to provided a smooth, regularly sampled representation of the intraoperative surface. An example LRS dataset is shown in Fig. 1 . In accordance with the IRB protocol, the LRS data were acquired during preplanned apneic periods to minimize errors due to respiratory liver motion. The data were acquired at end expiration during the respiratory cycle, and the time within the surgical procedure where the surface data were acquired is summarized in Table II . In addition to the timing of data acquisition, the coverage of the scan data is also summarized.
To facilitate the interpatient deformation measurements within similar procedures, the patients were separated into three groups as noted in Table II . The three patients for which left hepatectomy procedures were performed were placed in Group A. The two patients that presented with left hilar cholangiocarcinoma, including bilobular and multifocal involvement, comprised Group B. The three patients for which right lobe biopsies and resections were performed comprised Group C. Finally, the patients placed in Group O did not fit in the aforementioned groups and were themselves different procedures. It should be noted that the data for patient 3 and patient 4 were excluded from the deformation analysis due to the lack of sufficient coverage of the acquired intraoperative LRS surface digitization.
D. Rigid Surface Registration of Intraoperative Data
Quantification of the surface deformation measured via the intraoperative LRS data relies on the ability to register this data with the liver surface generated from segmentation of the preoperative tomograms. To provide this registration we used the rigid surface salient feature registration algorithm developed previously [5] . The developed algorithm uses salient anatomical features that are easily identifiable in the preoperative tomogram and intraoperative LRS presentation and was inspired by the weighted geometrical features algorithm proposed by Maurer et al. [19] . The salient features used for the performance of the rigid surface regions in this study were the falciform ligament and inferior ridge along segments IV, V, and VI. An example of dataset highlighting the feature segmentations and the resulting salient feature preregistration is shown in Fig. 2 .
As mentioned previously, the lack of surface coverage provided by the LRS data for patients 3 and 4 allowed the use of only a single patch region for the rigid surface registrations performed for these cases. In these registrations, only the falciform ligament or inferior ridge along segments IV, V, and VI was used, and the surfaces were initially aligned using an anatomical fiducial point-based registration.
E. Interpatient Deformable Registration
In order to compare the measured intraoperative surface deformation across the 12 patients, it is necessary to compute an interpatient transformation between the preoperative CT image volumes. As the shape and volume of hepatic anatomy is highly variable between patients, a nonrigid image registration method is required. The adaptive basis algorithm (ABA) developed by Rodhe et al. was selected to provide the required nonrigid transform for the intrapatient liver registration required for this study [20] . This algorithm has been used to perform interpatient brain registrations to create atlases for the placement of electrodes in deep brain stimulation procedures as well as to provide registrations between whole body images of mice for utilization in a variety of temporal and longitudinal studies [21] - [23] .
Similar to the registration method proposed by Rueckert et al. [24] , ABA employs a multiscale, multiresolution approach whereby the deformation field is modeled as the linear combination of a set of basis functions irregularly spaced over the image domain:
where x is the coordinate vector in d with d being the dimensionality of the image sets, Φ is a Wu radial basis function with compact support [25] , and c i represents the coefficient weighting for each of these basis functions. The values of the coefficients are optimized such that the mutual information (MI) calculated between the deformed source and target images is maximized. For ABA, a steepest gradient descent optimization algorithm is used to solve for the optimal basis function coefficients.
To provide the initial alignment required for ABA, a surfacebased registration was performed between the patient volumes via a rigid implementation of the iterative closest point (ICP) algorithm [26] . The surfaces were extracted from the segmented image volumes via the aforementioned segmentation and surface tessellation methods. Once transformed by the rigid transformation, the segmented source image volumes were then nonrigidly registered to the target volume via ABA. The ABA registration was implemented in a multilevel fashion with multiresolution and multiscale components similar to that described by Li et al. [21] 
For the purposes of this study, the segmented images were used to compute the interpatient liver registration due to anatomical differences with respect to gallbladder anatomy. The fact that some of the patients had prior cholecystectomies, while others presented with extremely distended gallbladders could confound the nonrigid registration algorithm and result in incorrect deformation fields in the neighborhood of the gallbladder fossa. The ABA registrations were performed such that all of the preoperative image volumes could be mapped to a single target space (i.e., patient 8 for this study), which facilitated the interpatient comparison of the distribution of measured deformation.
F. Tissue Deformation Metrics and Analysis
Given the rigid surface alignment of the intraoperative LRS and preoperative CT liver surfaces, the deformation analysis proceeded by computing the signed closest point distance values over the region of the preoperative image surface for which LRS data were acquired. The performance of point searches was used to facilitate the determination of both the region of liver covered by the LRS data and the Euclidean distance calculations. The directional sign for the distance value was determined by comparing the closest point distance vector with the surface normal. The closest point values were computed from target (i.e., CT liver surface) to source (i.e., LRS scan).
In addition to the signed closest point distance measurements, the displacement at the point of the umbilical fissure was calculated across all patient cases. The umbilical fissure is a groove on the inferior surface that holds the round ligament between segments III and IV. The round ligament is the only landmark that can be reliably identified in a retrospective manner in both the LRS and CT image data. To supplement the point displacement measurement, Euclidean closest point distance values were computed over the falciform and inferior ridge feature regions used in the salient feature surface registration algorithm.
Given the interpatient registration computed with the ABA algorithm, it is possible to compare the distribution of signed closest point distance measurements across patients to determine the correlation between the intraoperative surface deformation and surgical procedure. In order to compare the data across all patients, the regions of the liver surface for which LRS data existed over all cases had to first be computed. Note that we excluded two of the datasets (case 3 and case 4) from the computation of the overlap region due to insufficient LRS surface coverage. The correlation coefficient (CC) image similarity metric was chosen to compare the distribution of signed closest point distance measurements across patients. The CC metric is not biased by absolute differences in the underlying data and simply assumes a linear relationship. The CC value is determined via the following equation:
where S is the transformed source dataset, T is the target dataset, and i represents the collection of overlapping surface points between the datasets. The mean deformation metric values in the transformed source and target datasets calculated for the overlap region are represented byS andT , respectively. Upon computation of the CC values between all permutations of patient comparisons, the CC values were averaged within the groups of patients for which similar procedures were performed ("in group"). For the purposes of comparison, CC average values were computed for the groups of patients for which the procedures were different ("out group").
III. RESULTS
A. Rigid Surface Registration and Deformation Quantification
The results of the salient feature rigid surface registrations between the preoperative CT data and intraoperative LRS liver surfaces for the cases included in Groups A, B, and C are shown in Figs. 3-5 , respectively. Additionally, the computed signed distance measurements using the rigid surface registration are texture mapped on the preoperative image surfaces to provide a qualitative visualization of the observed deformations over the particular groups of cases. A summary of the signed closest point distances for all clinical cases, the feature error measurements, and the point displacement measured at the umbilical fissure are shown in Table III , which indicates the range of intraoperative surface shifts imposed in open hepatic procedures.
The surface deformation measurements summarized in Table III indicate that the range of point displacement magnitudes is from approximately 0.5 to 2 cm. Additionally, the range of closest point distance measurements have magnitudes from approximately 1 to 2 cm. These ranges represent considerable shape change between the preoperative image and intraoperative presentation.
When comparing the deformation measurements in Table III  in terms of the presence or absence of the gallbladder based on  Table II , there seems to be no clear trend. Intuitively, it seems as though scan data acquired precholecystecomy or in patients where the gallbladder had been previously removed would result in generally lower deformation measurements, but this generally does not seem to be the case.
The signed distance distributions for the left hepatectomy cases (Group A), as shown in the right column of Fig. 3 , seem to display a similar pattern in the distribution of deformation. The pattern of the deformation across the Group A patients, where the central scan region is the location of a majority of the negative closest point distances and the peripheral scan regions lie above the preoperative surface, indicates an overall flattening of the surface in the intraoperative presentation. It should be noted that the overall shape change indicted by the signed closest point distance distribution for Group A is very similar to that for the Group C cases, as shown in Fig. 5 . However, the region where a majority of the flattening of the organ is evident seems to be shifted closer to the left lobe for the Group A cases and toward the right lobe of the liver for the Group C cases.
While the general pattern of shape change with regards to the signed closest point distance distribution for the left hilar cholangiocarcinoma patients (Group B) is markedly different than the qualitative results shown for Group A and Group B, the "in group" similarity of the metric distribution is evident. The peripheral scan regions for the Group B cases yield negative closest point distances since the intraoperative LRS data lie below the preoperative surface. This seems to indicate a sub- TABLE III  COMPREHENSIVE SUMMARY OF THE SIGNED CLOSEST POINT DISTANCE, FEATURE ERROR, AND SINGLE POINT  DISPLACEMENT MEASUREMENTS OVER THE 12 CLINICAL CASES stantially different change in the overall organ shape for the Group B patients as compared with the other groups. Generally speaking, the intraoperative surface seems to be generally more curved and less flat than the preoperative organ shape. As mentioned, the general distribution of the signed closest point measure of deformation for the Group C cases indicates a qualitative similarity in the organ shape change for the right lobe biopsy and resection procedures. While the magnitude of the measured dis-tances varies within the patient group, signed distance distribution indicates a generally flattening of the organ as in the Group A cases. The difference between the observed organ shape change in Group C, as compared with the Group A cases, is the shift to the right of the region of negative closest point distances. The difference in the location of the flattening shape change is due, presumably, to the differences in the mobilization methods used for these procedures. Overall, the visualizations of the distribution of signed closest point distance indicate a general similarity within the patient groups. While the absolute magnitudes of the distances are different with each group there seems to be a general similarity in the nature of the deformation.
B. Interpatient Deformable Registration
The results of the interpatient deformable registrations provided by ABA are summarized in Table IV to verify that the method provides registrations that are of sufficient accuracy for use in deformation distribution comparison across the patient population. A qualitative visualization of registration result for a single case in terms of surface renderings is shown in Fig. 6 . Overall, the closest point distance measurement of error suggests that the registration results are of sufficient accuracy to be viable for use the proposed interpatient deformation comparison. The largest errors reported in Table IV were for the registration performed for case 9, which was due to the presence of an atypical anatomical extension of liver parenchyma visible at the left lateral segment, which was not present in the target liver (i.e., case 8) or any other dataset. Furthermore, it should be noted that the closest point distance measure of errors was much smaller when averaged over the region of LRS data overlap as compared with the average computed over the entire surface. This seems to indicate that the registration errors are minimal in the region where the interpatient comparison of the deformation was to be performed. Given the ABA interpatient registration results, the computed overlap region for the ten included datasets mapped on the target liver surface is shown in Fig. 7 . It is over this region that the interpatient comparison of measured surface deformation was performed. 
C. Summary of the Deformation Analysis
The CC values were computed between all the cases over the computed overlap region (shown in Fig. 7) for the signed distance deformation measurements. In order to determine the similarity in measured deformation between similar surgical procedures, the mean CC values were then computed within the three groups of clinical cases (i.e., "in group" mean). The mean CC values computed for the signed distance measurements over the three patient groups are shown in Table V .
Similar to the qualitative visualizations, analysis of mean CC values computed for the signed distance deformation measurement shows marked evidence of a correlation in the imposed organ shape change within similar procedures. While the small number of patient cases impedes the ability to make strong statistical conclusions, the absolute magnitude of the difference between the "in group" and "out group" CC means for the signed distance measure implies a similarity in the imposed deformation among similar procedure types.
IV. DISCUSSION
The surface deformation measurement study performed indicates that the surface displacements occur with magnitudes and 0.5 to 2.0 cm and maximum closest point distance magnitudes from approximately 1.0 to 2.0 cm. Generally, the shape change that occurs from preoperative image acquisition to intraoperative presentation involves a substantial flattening of the liver. The time of scan acquisition with respect to the performance of cholecystectomy does not seem to play a substantial role in the soft tissue deformation. While the surface deformation measurements give an indication that there is a substantial organ shape change encountered in open hepatic procedures, it is unclear how these surface errors translate into errors observed with respect to deep tissue structures. As mentioned, the modalities of tracked ultrasound and intraoperative CT were not available for this study, but future work should include such subsurface error measurements for a more complete description of soft tissue deformation in open hepatic procedures.
A qualitative comparison of the distribution of deformation suggests similarity in the shape change among similar surgical procedures presumably due to the patterns of mobilization and liver positioning per procedure type. Additionally, the proposed analysis suggests that there is a correlation in the distribution of the signed closest point distance measure of intraoperative deformation within groups of similar surgical procedures. The fact that similar deformation patterns are reflected among similar resection procedures provides a very powerful insight into potential solutions for the compensation for soft tissue deformation in IGLS.
The qualitative visualizations and quantitative measurements of intraoperative surface deformation experienced in open hepatic procedures suggest that the guidance information provided by IGLS can be compromised to a substantial degree by soft tissue deformation. The proposed methods to compensate for soft tissue deformation in IGLS have primarily been to use the forward solution of finite element modeling (FEM) liver models using a driving force computed via sparse intraoperative data [27] , [28] . A number of other groups have focused on deformable registration techniques using B-spline interpolation to warp to the preoperative images to the intraoperative ultrasound acquisitions [29] - [31] . A common theme with these proposed methods is the incurred user interaction for boundary condition and material property specification required to execute the algorithms during the surgical procedure.
Given the similarity in deformation measured between similar surgical procedures in open hepatic surgery, it may be reasonable to use an atlas shape-based approach wherein an array of FEM solutions are computed with preoperatively given the a priori information regarding the surgical procedure. Within such a technique a number of preoperatively computed solutions would be generated with varying material properties as well as a range of reasonable boundary conditions, given knowledge of the typical deformation distributions for a particular procedure type. Similar deformation compensation methods have been proposed by Davatzikos et al. [32] and Mohamed et al. [33] . More recently, Mohamed et al. expanded the atlas-based technique proposed for brain image applications to include tumor-induced deformations [34] . Additionally, a promising atlas-based technique has been proposed for model updating in image-guided neurosurgery by Dumpuri et al. [35] . A preliminary study has been conducted to make these methods amenable to IGLS deformation compensation [36] .
While the qualitative results of the deformation analysis seem to suggest a correlation between the imposed deformation and the surgical procedure, it is important to note that all of the data acquired was for surgeries performed by a single surgeon (W. Chapman). It seems reasonable that the deformations imposed on the organ per procedure may vary based on the tendencies of the particular surgeon performing the procedure. A clinical trial by Pathfinder Therapeutics, Inc. (Nashville, TN), where LRS and other intraoperative digitizations are being acquired across three individual clinical sites (University of Pittsburg Medical Center, Memorial Sloan-Kettering Cancer Center, and Shands at University of Florida Cancer Hospital) is ongoing and will provide valuable data to supplement the findings reported here.
V. CONCLUSION
The measurement surface deformation within open hepatic procedures indicates that substation organ shape change is incurred intraoperative relative to the preoperative tomographic image data. Additionally, we have developed a protocol suitable for determining the extent that observed intraoperative surface deformation is correlated among similar surgical procedures. While a statistical comparison cannot be performed due to the limited sample size, a correlation between surgical procedure and the distribution of signed closest point distance measure of deformation seems quite likely. Finally, the impact of the individual surgeon with respect to surgical presentation of the organ, and the subsequent variations in deformation imparted, particularly with respect to subsurface structures, needs to be studied further.
